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Direct enzymatic synthesis of a deep-blue fluorescent 
noncanonical amino acid from azulene and serine 
Ella J. Watkins,†[a] Patrick J. Almhjell,†[b] and Frances H. Arnold*[a,b] 
 
Abstract: We report a simple, one-step enzymatic synthesis of the 
blue fluorescent noncanonical amino acid β-(1-azulenyl)-L-alanine 
(AzAla). Using an engineered tryptophan synthase β-subunit (TrpB), 
stereochemically pure AzAla can be synthesized at scale starting from 
commercially available azulene and L-serine. Mutation of a universally 
conserved catalytic glutamate in the active site to glycine has only a 
modest effect on native activity with indole but abolishes activity on 
azulene, suggesting that this glutamate activates azulene for 
nucleophilic attack by stabilization of the aromatic ion. 
Proteins and peptides can be imbued with new chemical and 
physical properties via the inclusion of noncanonical amino acids 
(ncAAs). These molecules resemble the natural building blocks of 
proteins but contain distinct structures and functional groups. 
When incorporated into proteins, ncAAs can serve as handles for 
chemical reactions or as spectroscopic probes to examine protein 
function, including reactivity, localization, and interaction with 
other biomolecules.[1–3] Unfortunately, applications of many 
potentially useful ncAAs are limited owing to their high cost and 
lack of availability. The paucity of available ncAAs also hinders 
engineering of aminoacyl tRNA synthetases (aaRS) necessary for 
site-specific, in vivo ncAA incorporation into proteins.  
The ncAA β-(1-azulenyl)-L-alanine (AzAla, Scheme 1) is a 
tryptophan (Trp) isostere with unique fluorescent properties that 
make it a useful spectroscopic probe for investigating protein 
dynamics and protein-protein interactions. It can be incorporated 
into proteins in place of Trp without significantly disturbing tertiary 
structure or function.[4–8] In contrast to Trp, its spectroscopic 
properties are insensitive to the environment, making it ideal in 
contexts where local conditions and quenchers (e.g., methionine, 
histidine) could complicate analysis of fluorescent signals.[4] Its 
qualities have been leveraged for Förster resonance energy 
transfer (FRET) experiments to elucidate protein-protein 
interactions as well as vibrational energy transfer (VET) studies to 
probe anisotropic energy flow within proteins.[9,10] Recently, a 
method for synthesis of AzAla via Negishi cross-coupling was 
described (Scheme 1a).[11] Although proceeding with good yields 
on gram scale, the multi-step process is highly time-sensitive and 
uses precious metal catalysts and organic solvents. A simpler 
route to AzAla would expand its applications in biochemical 
studies. 
Researchers have begun to look to enzymes as 
complementary or alternative approaches for the synthesis of 
enantiomerically pure ncAAs.[12] Enzymes can perform enantio- 
and regioselective chemistry in the presence of reactive moieties 
such as primary amines, obviating the need for expensive and 
intricate chiral catalysts, chiral separations, and protecting groups. 
To this end, our lab previously reported the directed evolution of 
the tryptophan synthase β-subunit (TrpB) as a stand-alone 
biocatalytic platform for the synthesis of diverse tryptophan 
analogues (Scheme 1b).[13,14] Here we report a simple, efficient 
route for synthesis of AzAla from stable, commercially available 
starting materials using an engineered TrpB (Scheme 1c). 
TrpB is a Type-II pyridoxal phosphate (PLP)-dependent 
enzyme that natively performs a conjugate addition reaction 
between indole and L-serine (Ser) to make Trp. During the 
catalytic cycle, Ser binds the PLP cofactor, and subsequent β-
elimination and release of water forms an electrophilic amino-
acrylate species (Scheme 2a). A highly conserved active site 
glutamate stabilizes the accumulation of positive charge on the 
pyrrole ring of indole and helps facilitate the nucleophilic attack on 
the amino-acrylate to form a new C–C bond that produces Trp 
(Figure S1). The similarity of AzAla to Trp prompted us to 
investigate whether TrpB could accept azulene as a nucleophile 
in the place of indole. Unlike indole, azulene lacks heteroatoms 
that can help stabilize the accumulation of charge during 
nucleophilic attack. Despite this, azulene has a permanent dipole 
exemplified by its resonance structure of a cycloheptatrienyl 
cation (tropylium) fused to a cyclopentadienyl anion (Cp–). We 
hypothesized that, analogous to indole, the buildup of electron 
density on the Cp– could promote nucleophilic attack by azulene 
in the TrpB catalytic cycle, while the tropylium system could 
stabilize the resulting positive charge (Scheme 2b). Aromatic ions 
are common moieties in synthetic chemistry[15] and as enzyme 
inhibitors,[16] but there are few reports of enzymes that can interact 
productively with aromatic ions in their catalytic cycles. We were 
therefore unsure if the active site of TrpB could accommodate or 
activate such a substrate, or if the reactivity of azulene would be 
sufficient for nucleophilic attack. 
We first examined the conversion of azulene and Ser to 
AzAla using a small panel of previously engineered TrpB variants 
from the thermophilic organisms Pyrococcus furiosus (PfTrpB) 
and Thermotoga maritima (TmTrpB). The variants were selected 
to provide an efficient sampling of the engineered TrpB 
evolutionary lineage beginning from wild-type TrpS and ending 
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with stand-alone TrpB variants evolved for activity with different 
indole and serine analogues. Nearly every enzyme we tested 
demonstrated significant activity for this reaction, the exception 
being variants in which the highly conserved glutamate mentioned 
above was mutated to glycine.  
The significant effect of the E104(105)G mutation 
suggested that this conserved catalytic residue may be playing an 
important role in the non-native azulene reaction. We explored 
this possibility by examining two engineered variants with and 
without the E104(105)G mutation: Pf5G8, which exhibits optimal 
activity at 75 °C,[13] and Tm9D8*, which exhibits optimal activity at 
lower temperatures such as 37 °C.[18] Challenging the enzymes 
with indole demonstrated that this mutation only modestly 
decreases the rate of Trp formation (Figure 1), with an additional 
slight decrease in the chemoselectivity of the reaction that leads 
to formation of trace amounts of isoTrp (a product of the N-
alkylation of indole, shown in Figure S2 and described 
previously[13]). In contrast, the E104(105)G mutation exerts a 
profound effect on AzAla production, practically abolishing all 
activity with azulene. Product was only detected in low amounts 
when the reaction was performed with high catalyst loadings 
overnight (0.1 mol %, 16 h; Figure S3). We speculate that the 
glutamate residue stabilizes the tropylium cation to facilitate 
nucleophilic attack from Cp–. However, further mechanistic 
studies are required to elucidate the role of this mutation.   
Figure 1. Mutation of a conserved glutamate residue affects the rate 
of AzAla production more significantly than native Trp production. 
Bars represent the average of two to three replicates, with replicates 
being shown as individual points. Reaction conditions can be found in 
Table S1; n.d. = not detected by LC-MS. 
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Scheme 2. Parallels between indole and azulene in the TrpB reaction. 
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Next, we wished to develop a biocatalytic method for the 
production of AzAla at scale. Although Pf5G8 catalyzed the 
reaction roughly 4.5-fold faster at its optimum temperature of 
75 °C than Tm9D8* at 37 °C, azulene readily sublimes at high 
temperatures, making its containment at 75 °C difficult. We thus 
opted to use directed evolution to improve the activity of Tm9D8* 
at 37 °C to create a stand-alone biocatalyst for the production of 
AzAla in vivo and in vitro. 
A single round of random mutagenesis and screening 
identified two variants containing the mutations F184S and 
W286R. These mutations were combined to yield the final variant 
TmAzul, which had a three-fold improved rate of AzAla formation 
compared to Tm9D8* (14.0 turnovers per minute; Table S1). As 
we have not been successful in obtaining a crystal structure of 
TmTrpS and its variants, we constructed a homology model of 
Tm9D8* to try to understand the locations of each mutation and 
their possible effects (Figure 2). The W286R mutation sits on a 
flexible loop, where its role in catalysis is difficult to infer. F184S 
sits directly in the active site and is one of only a handful of 
residues whose side chains are in close proximity to the azulene 
substrate. This residue may interact directly with the substrate 
during catalysis or adjust the active site to be more 
accommodating for AzAla synthesis.  
Because the Escherichia coli expression cultures were heat 
treated at 75 °C for three hours prior to screening, TmAzul retains 
high thermostability, and highly pure enzyme can be obtained 
simply by heating the E. coli expression host at 75 °C for >1 h, 
pelleting the denatured E. coli proteins by centrifugation, and 
collecting the enzyme-bearing supernatant. To demonstrate 
scalability of this method, we synthesized AzAla on a gram scale 
using heat-treated lysate from a 1-L culture expressing the 
evolved TmAzul variant. We found that increasing the 
concentration of DMSO in the reaction increased the reaction rate 
at this scale, presumably by keeping azulene from forming 
insoluble crystals in the reaction mixture due to its sparing 
solubility in aqueous buffer. We thus used 20% DMSO cosolvent, 
and the reaction progress was monitored by taking small aliquots 
of the reaction mixture and combining with an equal volume of 
ethyl acetate to observe the relative ratio of azulene to AzAla in 
the organic and aqueous layers, respectively. After 48 hours, the 
product was purified by removing any remaining azulene by 
extraction with ethyl acetate, removing the aqueous solvent in 
vacuo, and precipitating AzAla from the remaining DMSO 
cosolvent by the addition of excess ethyl acetate. The crude 
precipitate was collected by filtration and then further purified by 
reverse-phased column chromatography to afford 965 mg of pure 
AzAla (57% isolated yield). Crude azulene can be recovered from 
ethyl acetate by gently evaporating off the solvent under a 
constant stream of nitrogen and reused. The enantiopurity of the 
isolated AzAla product is >99% ee.  
In conclusion, we have described a new-to-nature reaction 
catalyzed by tryptophan synthase and identified a conserved 
residue that is critical for this non-native reaction. Based on 
comparisons to the native reaction, we suggest that E104(105) 
stabilizes the aromatic ions in azulene to facilitate nucleophilic 
attack from Cp–. To improve access to this useful ncAA, we have 
engineered a highly active enzyme catalyst that synthesizes 
enantiomerically pure AzAla from commercially available starting 
materials in a single step. Given that an engineered 
synthetase/tRNA pair has been reported for this ncAA, TmAzul 
also closes the gap for in vivo synthesis and incorporation of 
AzAla.[10]  
Experimental Section 
Experimental details can be found in the Supporting Information. 
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Figure 2. Homology model of Tm9D8* with azulene in the active site. 
Azulene (deep blue) is shown in a putative productive binding mode 
within a model of Tm9D8* with the amino-acrylate intermediate (cyan) 
formed in the active site (see SI Section 3.11 for model construction). 
Active-site residues in the native TmTrpB enzyme (green) and the 
mutations found in this study (red, mutation in parentheses) are 
shown as sticks. 
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